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INTRODUCTION
In April, 1995, the GPS/MET (for GPS Meteorology) experiment placed a GPS receiver in a low-Earth orbit (LEO) tracking the global positioning system (GPS) satellites as they set behind the Earth's atmosphere. The basic concept of the GPS radio occultation technique is a simple one. When a signal transmitted by a GPS satellite and received by a LEO satellite passes through the Earth's atmosphere in a limb sounding geometry [ Fig. 1 ], its phase and amplitude are affected in ways that are characteristic of the index of refraction of the medium along the path of propagation. By applying certain assumptions on the variability of the index of refraction of the propagating media (e.g. spherical symmetry in the locality of the occultation), phase change measurements between the transmitter and the receiver yield refractivity profiles in the ionosphere (-60-1000 km) and lower neutral atmosphere (0-60 km). The refractivity, in turn, yields electron density in the ionosphere, temperature and pressure in the neutral stratosphere and upper troposphere, and (with the aid of independent temperature data) water vapor density in the lower troposphere.
This method has been applied repeatedly in NASA's planetary occultation experiments [see e.g. Fjeldbo, 1971 and Tyler, 1987] and was inherited from the area of geological mapping of the Earth's interior. However, the application of the technique to sense the Earth's neutral atmosphere or ionosphere had to await the development of an infrastructure built for completely different purposes, namely, the set of 24 GPS satellites launched and maintained by the Department of Defense for the purpose of navigation.
Once this set of satellites became operational, it became clear to some (e.g. Gurvich and Kasil'nikova [1987] , Yunck et al. [1988] ) that placing one receiver in LEO, with a full 360° field of view of the Earth's limb, will provide about 500 globally distributed occultations daily at a very low cost. This concept was tested for the first time with the GPS/MET experiment, managed by the University Corporation for Atmospheric Research (UCAR) [Ware et al., 1996] , consisting of a 2 kg GPS receiver piggybacked on the MicroLab I satellite having a circular orbit of 740 km altitude and 70° inclination. The GPS receiver is a space qualified TurboRogue [Meehan et al., 1992] capable of tracking up to 8 GPS satellites simultaneously at both frequencies transmitted by GPS. Due to the limited field of view of the GPS receiver's antenna and the onboard memory of the satellite, the GPWMET collects anywhere between 100-200 globally distributed occultations daily.
Since the start of the GPSIMET experiment in April of 1995, tens of thousands of occultations have been recorded by GPSIMET, providing a very rich data set to study the ionosphere and the lower neutral atmosphere.
Due to the abundance of neutral atmospheric data from radiosondes and the existence of accurate numerical weather models, several studies that examine the accuracies of temperature and pressure profiles obtain from GPSIMET have been published. For example, Kursinski et al. (1996) and Ware et al. (1996) demonstrated that GPS/MET temperature profiles are accurate to better than 1-2 K between -5-30 altitudes, while Leroy (1997) showed that geopotential heights of pressure levels in the same region are accurate to better than 20 meters. In the ionosphere, on the other hand, due to the sparsity of data, comparisons have been somewhat limited. In order to assess the accuracy of ionospheric electron densities derived from GPS occultations, several investigators have performed simulated experiments where synthetic data based on ionospheric models have been created and then inverted (see e.g. Hajj et al., 1994; H@eg et al., 1995; Decker et al., 1996; Leitinger et al. 1997 ). Those studies suggested several possible ways of inverting TEC data obtained from GPS occultations starting from the simplest approach of assuming a spherically symmetric medium and solving for an electron density profile for each occultation (e.g. Abel inversion approach presented below), to combining different occultations along with ground data to obtain 2-D or 3-D images of the ionosphere (tomographic inversions). While it is obvious that the assumption of spherical symmetry in the ionosphere is never an accurate one, the Abel inversion approach serves well as a starting point to understand some of the unique features associated with GPS occultation data. The purpose of this paper is to examine some of these features and to estimate the accuracy of retrieved electron density profiles obtained with the Abel inversion by comparing to other independent measurements such as incoherent scatter radar and ionosondes. The accuracy obtained with this approach will be a lower bound on what can be achieved with more elaborate inversion methods.
The outline of the paper is as follows. Section two will briefly explain the Abel inversion technique as applicable to the ionosphere. Section three will examine some of the effects of the ionosphere on occulting signals, including bending and scintillation. Section four will present some results of electron density profiles, the coverage obtained with GPWMET, and some comparisons to ionospheric models and to ionospheric measurements from incoherent scatter radars and ionosondes. Some conclusions are discussed in section five.
RADIO OCCULTATION TECHNIQUE-THE ABEL INVERSION
The basic observable for each occultation is the phase change between the transmitter and the receiver as the signal propagates through the ionosphere and the neutral atmosphere [ Fig. 1] . A GPS phase measurement can be modeled as
where p is the geometrical range, Bfr"n' and B'" are clock biases for the transmitter and the receiver, respectively, fl'"'r"~ and d"""" are the delays due to the neutral atmosphere and the ionosphere, and b is a phase ambiguity. In addition to the occulting GPS and LEO satellites, other measurements, taken from a network of ground receivers tracking GPS and from the LEO tracking other GPS satellites, are used to obtain precise orbit and clock solutions of the satellites. The details of how the GPS/MET signal is calibrated in order to isolate the atmospheric effects on the occulting signals are given elsewhere . Here it suffices to say that through the calibration process the sum of the neutral and the ionospheric delays is isolated (up to a constant). 
where ?, and ?, are the coordinates of the transmitter and the receiver respectively, and n is the index of refraction at the specified coordinate. Eqs. (2) and (3) can be solved simultaneously in order to estimate the total atmospheric bending. Solving these two equations ideally requires knowledge of n at the satellites locations; however, in an appendix we estimate that by setting n= 1 at the transmitter or the receiver (when receiver is at reasonably high altitude, such as the case for the GPWMET experiment), 7 the the solved-for ionospheric bending and the corresponding electron density are overestimated by no more than 0.5% of their true values.
We proceed therefore by setting n(~) =n(fr)=l.
The spherical symmetry assumption can also be used to relate the signal's bending to the medium's index of refraction, n, via the relation [Born and Wolf, 1980, page 123] :
where a = w and r is the radius of the tangent point [ Fig. 1 ]. This integral equation can then be inverted by using an Abel integral transform given by [see e.g. Tricomi, 1985, page 39]
The upper limit of the integral in Eq. (5) requires knowledge of the bending as a function of a all the way up to the top of the ionosphere. The GPS is above most of the ionosphere; however, this is not true of the GPS/MET instrument,at7110 km radius (740 km altitude).
In order to obtain u(a) for a > 7110, an exponential extrapolation a(a) based on information from a c 7110 is used. In order to avoid dealing with the singularity at the lower bowndary of the integral, Eq. (5a) is rewritten as In the ionosphere, the index of refraction is related to electron density via n = 1 -40.3xf 2 (6) where n, is the electron density in m-q and~ is the operating frequency in Hz. Eqs. (2)- (6) constitute the essence of the radio occultation profiling technique as it applies to the ionosphere. In the next two sections we will examine bending and electron density profiles derived with this technique.
IONOSPHERIC BENDING AND SCINTILLATION OF GPS OCCULTING SIGNALS
Data examined in this section were taken on May 4-5, 1995. During this period (and for much of the GPS/MET experiment) the L1 and L2 phase measurements for the occulting link were recorded once every 10 seconds when the tangent point was above -120 km altitude, and once every 20 msec (50 Hz rate) when the tangent point was below that height. This is because the GPS/MET experiment's primary goal is to sense the lower neutral atmosphere. Therefore, results presented in this and the next section will reflect a rather coarse vertical resolution (-20-30 km) above -120 km and a much finer vertical resolution (of order 1,5 km, corresponding to l/2-second smoothing in the processing) below -120 km altitude.
Based on Snell's law, the bending of the signal locally is in the direction of the refractivity gradient, In a general and approximate sense, the gradient of refractivity in the ionosphere is pointing upward above the F2 peak and downward below that peak.
Therefore, the GPS signals will generally bend upward and downward above and below the F2 peak respectively. Examining the bending of the GPS L1 signal for 61 GPS/MET occultations that took place on May 4, 1995, we observe the following features [ Fig 3-With negative bending defined to be toward the earth, the signal latitudes and local bends away from (toward) the Earth above (below) well defined peaks in the ionosphere such as the F2 and the E peaks. Since the bending of the signal depends on the gradient of the refractivity (which is vertical, to first order), one expects to see a change of sign in the bending as the tangent point samples through a peak.
4-Very sharp variations of bending are associated with sporadic E layers. The largest absolute bending for this particular day is -0.03 degrees, which corresponds to the signal just descending below a sporadic E-layer. The fact that the bending induced by the sporadic E is larger than that of the F2 is due to the very short scale height associated with the sporadic E-layer, which makes the refractivity gradient largest there.
5-The tails at the bottom end of all these curves start to grow in magnitude due to the neutral atmospheric bending which dominates below about 50 km altitude.
The most striking feature of these data is how sharp the signature is around the E-(or sporadic E-) layer. Even though determination of the magnitude of the E-peak electron density might be obscured due to the overlaying layers and the assumption of spherical symmetry, the height of sharp E-layer appears to be reasonably well determined.
However, no strong conclusion can be drawn on the accuracy of these heights without further analysis and simulation accounting for the E-layer variability being frequently quite regional and the effect of spherical symmetry assumption on the retrieval.
Bending for the L2 signal is a factor of 1.65 (= (154/120)2, the square of the ratio of L1 to L2 frequencies) larger than for L1 (see Eq. (6)). This dispersive nature of the ionosphere causes the L1 and L2 signals to travel slightly different paths and therefore sample different regions (as indicated by the solid and dashed lines in Fig. 1 ). This causes the tangent points of the two links to be at different heights in the atmosphere at a specific time. With the Abel inversion technique, the electron density profile and the height of the tangent point at a particular instant during the occultation can be solved for. Fig. 3 shows an example of an electron density retrievaJ obtained from GPWMET for an occultation taking place near -6N latitude and 228E longitude around 20:04 UT of May 4, 1995 (the corresponding local time is 11:01). Also shown on the figure is the separation between the L1 and L2 tangent points as a function of altitude. In the neighborhood of the F2 peak, the relative position of the two signals change due to changing direction of bending. Above the F2 peak, since the bending is generally upward, the L2 tangent point will always be lower than the L1 tangent point The situation reverses when the signal tangent point is below the F2 peak. For this particular profile, the maximum separation is of order 300 meters; this scales linearly with the amount of bending a signal experiences. Therefore, one can expect separations that are two orders of magnitude smaller (as seen with the bending) or one order of magnitude larger during solar-max day-time. A large separation of the two signals can be a limiting error for neutral atmospheric retrievals at altitudes above -40 km [Kursinski et al., 1997 ] unless higher order corrections are applied to calibrate for the ionosphere.
We now turn our attention to some amplitude data obtained from GPWMET. Fig. 4 shows the flight receiver signal-to-noise ratio of the L1 and L2 signals for four different occultations, where time = O corresponds to the start of high-rate data at about 120 km altitude for each occultation. The gradual decrease of SNR starting at about 30-40 seconds is due to significant atmospheric bending starting at about the tropopause. As the signal approaches the surface, it bends significantly (up to -10), defocuses and finally disappears.
Nearly half of the occultation displays a smooth steady SNR while the signal is in the ionosphere. Fig. 7 .b. We note the low F2-peak height, the near disappearance of the F1-peak, and the very low peak density near midnight local time (far-right in Fig. 7 b) .
In contrast to the equatorial profiles the comparison with the PIM model appears to be more favorable at the top-side than below the F2-peak,
Comparisons of GPSLMETprofiles to ISR and ionosonde
In order to assess the accuracy of the GPSIMET retrievals, coincidences of other types of data such as ionosondes or incoherent scatter radar ( Millstone Hill is located at 42.6N and 288.5E, which is about 6° east of the occultation location, The general agreement is fairly good, Discrepancies between the ISR and the occultation can be ascribed to several factors, including the spatial separation between the occultation and the ISR measurements, error introduced by the spherical symmetry assumption when doing the GPS/MET retrieval, and the lower vertical resolution of the ISR measurements.
A more extensive comparison of N~F2 derived from fOFz ionosonde measurements and GPS/MET profiles has been performed, with results shown in Fig. 9a . The comparison is between data obtained from a global network of ionosondes (Fig. 6a) and GPS occultations that took place within 1 hour and -1100 km radius (corresponding to 10 degrees) from the ionosonde stations. The points shown on the figure correspond to all the coincidences found for the 20 day period of Fig. (6a) . The middle line in Fig. 9 .a corresponds to perfect agreement between these two measurements of N~F2. The upper and lower lines on the figure correspond to +20% and -20% deviation of GPWMET derived N~F2 from the ionosonde N~F2 respectively. Differences in these two measurements are due to (1) error in the spherical symmetry assumption of the GPWMET retrieval, (2) error in the ionosonde measurement, (3) spatial and temporal mismatch between the occultation time and location and those of the ionosonde. In order to better quantify these errors, we examine the fractional difference in N~Fz, defined as
as a function of the separation distance between the two measurement, shown in Fig. 9 .b.
There is an obvious growth in 8 for larger separation distance. Limiting ourselves to measurements that are < 600 km apart (36 measurements out of 99), Fig. 10 shows a histogram of& which has a mean of 0.01, a standard deviation of 0.2 and a standard error in the mean of 0.03. The largest 5 is 0.6.
DISCUSSION AND CONCLUSION
GPS occultations have been shown to provide a new and complementary vantage point over ground based measurements for probing the ionosphere. In the work described herein we have chosen to process bending obtained from a single frequency, which is possible through modeling the geometry and calibration of the receiver and transmitter clocks in the data-processing stage. Another approach, which is appropriate for ground-based or uncalibrated space-based measurements, would be to process the combination L1 -L2 (as done e.g. in Leitinger et al., 1997) ; this directly isolates the ionospheric delay, This dualfrequency approach has the advantages of being much simpler in principle because it eliminates the need for precise orbits and for transmitter and receiver clocks calibration, which in turn eliminates the need for simultaneous ground measurements. This simplicity however is at the cost of lower precision due to the noise added by L2, especially under conditions when the Department of Defense selective availability (SA) is turned on. The strong vertical refractivity gradient at sporadic E layers causes strong scintillation and relatively large bending, which makes this technique potentially very useful for detecting the existence of these layers and their heights. However, further analysis that considers the effect of the spherical symmetry assumption on the retrieved profile is needed to determine the accuracy of these heights.
We have evaluated the accuracy of N~Fz measurements based on GPWMET profiles by comparing with nearby ionosondes, when available. Based on the statistics presented in section 4 above, we can conclude that N~F2 independently derived from GPS/MET retrievals and ionosonde measurements agree to within 20% (at the l-sigma level), and are essentially unbiased with respect to each other. This level of agreement is consistent with previous results [Hajj et al., 1994] , where a simulation experiment indicated that N~Fz accuracy can be expected to be in the range of 0-50%, depending on the degree of non-sphericity encountered in the ionosphere.
With the assumption of spherical symmetry used in electron density is overestimated or underestimated at the the Abel transform, the peak tangent point, depending on whether the ionosphere at that point is at a relative minimum or a relative maximum, respectively. Linear (or higher odd) power gradients in the horizontal distribution do not influence the retrievals when spherical symmetry is assumed, simply because these terms cancel when integrated across an occultation link; only even terms in the gradient survive and appear as errors in the retrievals, Hajj et al. [1994] have shown that a significant improvement can be made to the spherical symmetry assumption by making use of global ground maps of vertically integrated TEC measurements such as those computed by Mannucci et al. [1997] The idea introduced there was to impose a horizontal gradient at each layer identical to that of the TEC map, and then solve for a scale factor for each layer.
In this manner, each occultation is processed individually, but without assuming a spherically symmetric ionosphere. Alternatively, and more powerfully, one can combine nearby occultations along with ground links in order to perform 3-D tomography of the ionosphere [Hoeg et al., 1995; Hajj et al, 1996; Gorbunov et al., 1996; Leitinger et al., 1997] .
Appendix
In this appendix we calculate the error in estimated bending due to setting the index of refraction to unity at the receiver's or transmitter's heights.
Consider the geometry of Fig where the angles are defined in Fig. A . In addition, the formula of Bouguer (Born and Wolf, 1980) , valid for spherically symmetric media, implies n, sin((?, -6, )8 = n, sin(O, -~,)Rr where n, and n, are the index of refraction at the transmitter and receiver (2) respectively. Eqs.
(1) and (2) are used to solve for 6, and & each side of the occultation (see Fig. A ).
which correspond to the bending of the signal on
The total bending is the sum of these two terms,
In order to determine the error introduced by setting n, and n, to unity, we write Eq.
(1) and (2) for n,= 1 + e, and n, = 1 + E, (denoting the solution d, and 6, ) and then for n, = 1 and n, = 1 (denoting the solution ~: and c$j) and then subtract the two sets of equations. This procedure, after expanding Eqs. (1) and (2) to first order in 6, ,dt and ignoring the small terms .@, and E,dt, leads to
Solving Eqs. (3) and (4), the error in the total bending Aa = Ad + A6, is given by
For GPSIMET geometry and a tangent height around 300 km, we have R, =7110km R, = 26000 km V,= 7 kmfsec V, = 3.8 krn/sec e,= 70°q = 15°( pr=200 q,=75°L 
For N,(h,KO) = 10' 0 m-3 and~=l .57542 Ghz, we get Aa = 1. lxIO-G deg.
Therefore, by ignoring the deviation of n from unity, we are overestimating the true bending caused by the ionosphere as derived from the GPS carrier phase measurements.
(Note that we would be underestimating the bending by the same amount if we were to derive it from the GPS pseudorange measurements since 8, would have the opposite sign.)
Of importance is the bending error relative to the total bending. This fractional error can be approximated by using the following simple model for the ionosphere. Let ( '-:") N,(h) = Nnla expfor h>h~,X and O otherwise, where h~,u and Nn,~X correspond to the peak height and peak density respectively, H is the free electron density scale height, Then, to a good approximation, the total bending for a link with a tangent height h > hn,ax is given by (Melbourne et al., 1994, page 47) r H'-FN-ex(-'-2)
where R~l~x = h~,dx + radius of earth. The fractional bending error is then given bỹ Based on this exponential model and the GPWMET geometry, bending is overestimated by less than 0.5% of the true one. In order to estimate the corresponding error in electron density, we use the differential form of the Abel transform integral (Eq. (5a) of section 2) which can be written as
using Eq. (6) in (7) it is easy to establish that 
This implies that the derived electron density is overestimated by no more than 0.5% of the true density.
FIGURE CAPTIONS
Figure 1 Separation distance between occultation and ionosonde, km 
